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ABSTRACT  
Ruffed lemur (Varecia spp.) color vision research was conducted using a multidisciplinary 
approach: psychophysics, genetic analysis, technology, and animal training. The behavioral 
manifestation of Varecia spp. trichromacy was shown using a touchscreen apparatus 
(SMARTA). Trichromats performed better than dichromats when discriminating red from green 
(G2 = 78.10, p < 0.001). 
 
 
 
KEYWORDS 
Color vision, polymorphic trichromacy, touchscreen apparatus, ruffed lemurs (Varecia spp.), 
genetics, cognition, behavior, SMARTA. 
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INTRODUCTION 
 
The visual system is an important evolutionary hallmark for primates. Forward-facing 
eyes and stereoscopic vision are major primate characteristics that separate them from other 
mammals. Many hypotheses have been put forth to explain the evolution of forward-facing eyes 
in primates; these include arboreal hypothesis, visual predation hypothesis, and angiosperm 
radiation hypothesis (Silcox et al., 2007). 
 Le Gros Clark (1959) introduced the arboreal hypothesis where he hypothesized that 
forward-facing eyes are beneficial to arboreal primates. Essentially, primates can accurately 
gauge distances when they leap from one branch to another with stereoscopic vision. Cartmill 
(1972, 1974, 1992), however, argued that the evolution for forward-facing eyes is instead due to 
the visual predation hypothesis where he posited that optical convergence is beneficial for 
estimating the distance of prey, specifically insects. Alternatively, Sussman and Raven (1978) 
and Sussman (1991) put forth the angiosperm radiation hypothesis, positing that primate 
stereoscopic vision is a result of coevolution with the expansion of angiosperms. Accordingly, 
the radiation of angiosperms provided new food resources for primates, as they can now feed on 
different parts of the angiosperm as well as insects that live or frequent these angiosperms. As 
primates evolved to feed on the terminal branches of angiosperms, stereoscopic vision provides 
an advantage for depth perception as well as prey detection. Lastly, Rasmussen (1990) posited 
that the forward-facing eyes in primates are not a product of a single evolutionary pressure but a 
combination of different evolutionary forces, explained by the arboreal hypothesis, visual 
predation hypothesis, and angiosperm radiation hypothesis. 
Vision is considered the primary sense for primates, evident from a well-developed and 
complex retina and visual cortex (Cartmill, 1992). Primates have a reduced olfaction system 
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when compared to other eutherian mammals, and rely more on vision (Cartmill, 1992). Along 
with an enhanced visual system, primates are also capable of having trichromatic color vision 
(Jacobs, 1981). Trichromats have the ability to discriminate between long and middle 
wavelengths, effectively enabling them to discriminate between red and green color (Jacobs, 
1981). For dichromats however, these visual cues are unavailable to them. Dichromats are unable 
to discriminate between the colors red and green, specifically, dichromats see red and green as 
the same color (Jacobs, 1981). Trichromacy is not present in all primate species however, and the 
mechanism for trichromacy varies across primate lineages (Surridge et al., 2003).  
Trichromatic color vision is achieved either through routine or polymorphic trichromacy 
(Jacobs & Deegan, 1999a; Surridge et al., 2003). Catarrhines are routine trichromats, with a 
single autosomal short wavelength (SW) opsin gene and two opsin genes on the X-chromosome 
(Jacobs & Deegan, 1999a). Because there are two opsin genes, medium wavelength (MW) and 
long wavelength (LW), on the X-chromosome, catarrhines are routine trichromats (Jacobs & 
Deegan, 1999a). Platyrrhines and lemuriformes, however, are capable of trichromatic color 
vision through polymorphic trichromacy (Surridge et al., 2003). With a single autosomal SW 
opsin gene and one either MW or LW opsin gene on the X-chromosome, most platyrrhines and 
lemuriformes are dichromats (Jacobs & Deegan, 1999a). However, in some platyrrhines and 
lemuriformes, the X-linked opsin gene is polymorphic. For example, female Callithrix geoffroyi, 
Cebus apella, Cebus capucinus, Saguinas spp., Propithecus coquereli, and Varecia spp. 
heterozygotes could be trichromats if they have both MW and LW opsin genes (Jacobs, 1998; 
Kainz et al., 1998; Dulai et al., 1999; Nathans, 1999; Tan & Li, 1999; Rushmore et al., 2012).  
There is currently no conclusive evidence pointing to or suggesting why polymorphic 
populations exist, and what mechanism or mechanisms maintain the polymorphism within 
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primate populations. It has been posited, however, that in polymorphic populations, trichromats 
have a chromatic advantage during foraging (Mollon et al., 1984; Surridge et al., 2003; Melin et 
al., 2007; Melin et al., 2008) and predator detection (Pessoa et al., 2014). That is, trichromats 
have an advantage in detecting red (potentially ripe) fruits from a foliage background or 
discriminating red from green (potentially unripe) fruit (Mollon, 1989; Osorio & Vorobyev, 
1996; Sumner & Mollon, 2000a; Sumner & Mollon, 2000b; Regan et al., 2001; Smith et al., 
2003; de Araújo et al., 2006). Furthermore, Pessoa et al. (2014) posited that trichromatic 
individuals have an advantage in predator detection because the pelage and feathers of their 
predators are oftentimes reddish.  
Trichromacy in primates is special because the mechanism for trichromacy varies across 
primate radiations. However, there is limited evidence for its advantages in ruffed lemurs 
(Leonhardt et al., 2009; Rushmore et al., 2012), although, trichromacy may or may not confer 
different advantages under different circumstances. Moreover, while it is interesting to 
investigate how the evolution and maintenance of trichromacy evolved in lemurs, an even more 
fundamental question needs to be asked. That is, whether trichromacy in lemurs is expressed 
behaviorally. Specifically, can trichromatic lemurs actually perceive red? If not, what other 
visual cues are both dichromatic and trichromatic lemurs using when discriminating red 
(potentially ripe fruit) from green background (foliage)? Are the difference in intensities between 
two colors (red and green) significant enough that it is used as a salient cue for discrimination? 
The goal of this experiment is to test whether lemurs are able to perceive and discriminate red 
from green using touchscreen discrimination task.  
 
BACKGROUND 
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Visual System 
 
Color vision can be defined as the ability to perceive and discriminate different light 
wavelengths by the observer, independent of the relative intensities (Abramov & Gordon, 2006). 
If the intensity of two light wavelengths can be adjusted to the point that the light wavelengths 
are no longer perceived as separate, then the observer is considered a monochromat (Abramov & 
Gordon, 2006). Dichromats are able to perceive two light wavelengths independent of intensities 
(Abramov & Gordon, 2006). Trichromats, on the other hand, will always be able to perceive 
different light wavelengths at different intensities (Abramov & Gordon, 2006).  
Visual receptors inside the retina are tuned to different spectral regions and are excited 
maximally by particular wavelength (Bowmaker & Dartnall, 1980; Abramov & Gordon, 2006). 
Cones are responsible for color vision while rods are for dark adapted vision (Bowmaker & 
Dartnall, 1980; Abramov & Gordon, 2006). The three cone receptors responsible for color vision 
are the S-cone, M-cone, and the L-cone (Bowmaker & Dartnall, 1980; Abramov & Gordon, 
2006). In humans, each of these cones are tuned to specific spectral regions with peaks as 
follows: S-cone to short wavelength (SW) at 430 nm, M-cone to medium wavelength (MW) at 
530 nm, and the L-cone to long wavelength (LW) at 560 nm (Bowmaker & Dartnall, 1980; 
Wyszecki & Stiles, 1982; Abramov & Gordon, 2006). Possession of these cone receptors enables 
the observer to elicit a differential sensory response and perceive color (Wyszecki & Stiles, 
1982; Abramov & Gordon, 2006).  
In the visual system, “matching” occurs when lights of different wavelengths are 
combined to make a matching color. Matching can result in two physically different stimuli to be 
perceived similarly (Abramov & Gordon, 2006). When both lights are introduced simultaneously 
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to light receptors, these lights are used to match and turn into a different color (Abramov & 
Gordon, 2006). For example, when lights that appear red and green are both mixed, “matching” 
occurs and the resulting match is perceived as yellow (Abramov & Gordon, 2006). We can 
visualize matching as mixing two colors in an artist palette to create a desired color, for example, 
red and yellow to produce orange. The visual system matches all the colors we perceive. We can 
visualize the light wavelengths as input and color as output. A dichromat perceives color 
differently than a trichromat because dichromats lack certain cones that would enable them to 
differentiate the colors. This phenomenon is commonly referred to as “color blind”, although it is 
a misnomer because observers that are “color blind” are not blind to all chromaticity, but are 
unable to separate some ranges of wavelengths into different hues due to the lack of certain cone 
receptors. 
The dimensions needed to make a color match in primates can be explained through 
additive color mixing (Young, 1802; Abramov & Gordon, 2006). In additive color mixing, the 
lights that are combined to match a color are called primaries, which corresponds to the number 
of dimensions needed to match a color (Abramov & Gordon, 2006). Individuals that need two 
primaries to match a color are dichromats (2 dimensions) while those that need three primaries 
are trichromats (3 dimensions) (Abramov & Gordon, 2006).  
There are three types of dichromats: protanopes, deuteranopes, and tritanopes (Sharpe et 
al. 2001; Abramov & Gordon, 2006). Individuals with protanopia lack L-cones (red deficiency); 
deuteranopic individuals lack M-cones (green deficiency); and tritanopics lack S-cones (blue 
deficiency) (Neitz & Neitz, 2000; Sharpe et al. 2001; Abramov & Gordon, 2006). All of these 
cone deficiencies are referred to as dichromacy. Thus the world is perceived very differently 
amongst protanopes, deuteranopes, tritanopes, and trichromats (Figure 1). 
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Color Discrimination 
 
Dichromats have a point in the spectrum where the perceived color becomes white 
(Abramov & Gordon, 2006). This point is referred to as the spectral neutral point, and it is 
thought that dichromats use brightness cues to discriminate stimuli at the spectral neutral point 
instead of color (Abramov & Gordon, 2006). Protanopes, deuteranopes, and tritanopes have 
different spectral neutral points (Abramov & Gordon, 2006). Protanopes and deuteranopes lack 
the L-cones and M-cones respectively, and have a neutral point between 490 nm to 510 nm 
(Abramov & Gordon, 2006). Protanopia and deuteranopia are sex-linked traits because M- and 
L-cones are found in a sex chromosome (X-chromosome). Tritanopes lack S-cones and have a 
neutral point between 565 nm to 575 nm (Abramov & Gordon, 2006). Since S-cones are only 
found in the autosomes, tritanopia is not sex-linked. Although all dichromats have a spectral 
neutral point, different types of dichromats have different spectral neutral points. Thus, it is 
important to know which spectral neutral point a dichromatic subject has. 
In the visual system, isoluminant stimuli look similar through the luminance processing 
pathway but can look distinct through the color processing pathway (Teller & Lindsey, 1989; Lu 
et al., 1999; Abramov & Gordon, 2006). That is, if two stimuli are isoluminant, they have the 
same luminance but could be of different color. For example, two stimuli (red and green) could 
be isoluminant in that they can have the same brightness but are perceived to be two different 
colors. This distinction can be easily made by trichromats, who can perceive and discriminate 
blue, green, and red. Although the two stimuli have the same luminance, two different colors are 
perceived. For dichromats, however, the inability to perceive red makes the observer unable to 
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discriminate red and green isoluminant stimuli. This results in dichromats perceiving the two 
isoluminant stimuli as similar through both the luminance and color processing pathways.  
Color discrimination could be influenced by many factors such as chromatic and 
achromatic sensitivity, as well as the sizes of the stimuli. A study in human infants found that 
chromatic stimuli could be reliably discriminated against achromatic stimuli (Adams et al., 
1994). That is, when given a discrimination task, human infants can perceive chromatic and 
achromatic stimuli differently. There is also chromatic sensitivity in human infants, which 
enables them to discriminate between colors (Clavadetscher et al., 1988). Not only are they able 
to discriminate between chromatic and achromatic stimuli, they can also discriminate amongst 
chromatic stimuli. A study by Adams et al. (1990) found that human newborns can discriminate 
eight degree red squares from white but required 16 degree green squares for discrimination from 
white. We see that chromatic discrimination can be influenced by the size of a stimulus. 
Nonhuman primate color vision is the same as humans, evident from behavioral and 
physiological studies in Old World Monkeys (e.g. macaques; De Valois, 1960; De Valois, 1974) 
and New World Monkeys (e.g. squirrel monkeys; Jacobs et al., 1993; Mancuso et al., 2009). 
Thus we assume that lemur color vision would have the same behavioral and physiological 
properties as well.  
 
Color Vision 
 
Color perception is the ability to perceive and discriminate different light wavelengths 
based on chromaticity and requires different stages of psychophysical processes (Jacobs, 1981; 
Jacobs, 1993). To perceive and discriminate color, an organism must have more than one type of 
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photoreceptor that is tuned to different spectral sensitivities and have the neural mechanisms to 
translate the stimulus input (Jacobs, 1993; Dacey, 2000; Kelber et al., 2003; Kelber & Roth, 
2006). Photoreceptors are tuned to different spectral regions by their photopigments; the 
photopigments themselves are sensitive to a particular spectral region because of their opsin 
proteins (Jacobs, 1995; Dominy et al., 2001; Surridge et al., 2003).  
There are different types of color vision across the animal kingdom. Monochromacy 
tends to occur in nocturnal animals (e.g. raccoons, Procyon lotor; Jacobs & Deegan, 1992) and 
those that live in low light environments (cetaceans and pinnipeds; Peichl et al., 2001). Most 
mammals are dichromatic, such as canids (dogs and foxes; Jacobs et al., 1993). However, 
trichromacy is almost exclusively a primate trait (Walls, 1942; Jacobs, 1981; Surridge et al., 
2003; Jacobs, 2008). Fishes, such as goldfishes (Carassius auratus), are tetrachromatic, although 
only exhibiting trichromacy if moving from dark to bright light (Neumeyer & Arnold 1989). 
Tetrachromacy can also be found in birds (e.g. zebra finches, Taeniopygia guttata; Bennett et al., 
1996) and insects (Japanese yellow swallowtail butterfly, Papillio xuthus; Koshitaka et al., 
2008). 
 
Primate Color Vision 
 
Among primates, monochromatic, dichromatic and trichromatic vision have all been 
reported in different primate taxa (Bowmaker, 1990; Bowmaker et al., 1991; Jacobs et al., 1996a; 
Jacobs et al. ,1996b; Jacobs et al., 1996c; Jacobs & Deegan, 1999a; Heesy & Ross, 2001; 
Surridge et al., 2003; Perry et al., 2007). Of these color vision phenotypes, dichromacy has been 
suggested as being the ancestral trait of primate vision (Heesy and Ross, 2001; Perry et al., 
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2007). Besides some megachiropterans (Wang et al., 2004) , trichromatic vision is unique in 
primates, and can be found in multiple primate lineages (Walls, 1942; Jacobs, 1981; Surridge et 
al., 2003; Jacobs, 2008); however, the mechanism for trichromatic vision differs (Jacobs, 1981; 
Mollon et al., 1984; Jacobs & Deegan, 1999a; Surridge et al., 2003) (Table 1). 
Catarrhines and howler monkeys exhibit routine trichromacy, where individuals possess a 
single autosomal short wavelength (SW) opsin gene and two X-linked medium wavelength 
(MW) and long wavelength (LW) opsin genes (Mollon et al., 1984; Kainz et al., 1998; Jacobs & 
Deegan, 1999a; Tan & Li, 1999). Many New World monkeys and lemurs, on the other hand, 
exhibit polymorphic trichromacy, where individuals possess a single autosomal SW opsin gene 
and one X-linked MW or LW opsin gene (Tovee, 1994; Jacobs, 2004). Because there is only one 
X-linked opsin gene, all male and homozygous females possess dichromatic vision while 
heterozygous females are capable of trichromatic vision (Tovee, 1994; Jacobs, 2004). Currently, 
there is evidence that heterozygous female Callithrix geoffroyi, Cebus apella, Cebus capucinus, 
Saguinas spp., Propithecus coquereli, and Varecia spp. are capable of polymorphic trichromacy 
(Jacobs, 1998; Kainz et al., 1998; Dulai et al., 1999; Nathans, 1999; Tan & Li, 1999; Leonhardt 
et al., 2009; Rushmore et al., 2012) (Figure 2).  
Interestingly, dichromatic squirrel monkeys (Saimiri sciureus) were able to gain 
trichromatic vision by having the human L-opsin gene introduced into their retina (Mancuso et 
al., 2009), suggesting a direct link in haplorhines between genetic trichromacy and its behavioral 
expression. Trichromacy can be introduced to congenital dichromats (possessing only 2 cones) 
by adding a third opsin gene without requiring any early developmental process. Further research 
should be done to elucidate the effectiveness of gene therapy in primates but for S. sciureus, the 
addition of L-opsin gene was enough to produce L-photopigments.   
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There has been much research investigating the advantages of both routine (Allen, 1879; 
Mollon, 1989; Osorio & Vorobyev, 1996; Sumner & Mollon, 2000a, 2000b; Regan et al., 2001) 
and polymorphic (Mollon et al., 1984; Surridge et al., 2003; Melin et al., 2007, Melin et al., 
2008; Pessoa et al., 2014) trichromacy in foraging. Research in primate polymorphic color vision 
hypothesizes that individuals use chromatic cues to detect fruits when foraging, and that different 
color vision genotypes exhibit different abilities to discriminate colors (Mollon et al., 1984; 
Surridge et al., 2003; Melin et al., 2007, 2008). Furthermore, it has been proposed that there is an 
adaptive significance in primate polymorphic color vision, especially for foraging (Mollon et al., 
1984; Surridge et al., 2003; Melin et al., 2007; Melin et al., 2008) and predator detection (Pessoa 
et al., 2014).  
 
RUFFED LEMURS 
 
The genus Varecia consists of two species: black-and-white ruffed lemurs (Varecia 
variegata variegata) and red ruffed lemurs (Varecia variegata rubra). Just like all lemurs, 
Varecia spp. can only be found in the island nation of Madagascar (Mittermeier et al., 2006). 
Both species do not occur in the same geographical location. V. v. variegata can be found in the 
southeast while V. v. rubra in the north of Madagascar (Mittermeier et al., 2006). Both V. v. 
variegata and V. v. rubra are capable of polymorphic trichromacy; heterozygote females are 
trichromats while males and homozygote females are dichromats (Tan & Li, 1999; Tan et al., 
2005; Bradley et al., 2009; Veilleux & Bolnick, 2009; Leonhardt et al., 2009; Rushmore et al., 
2012).  
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As the most frugivorous of all the lemurs, ruffed lemurs feed mostly on fruits and 
supplement their diet with nectar, flowers, mature and young leaves (Vasey, 2002). Some ruffed 
lemurs have also been observed eating soil (geophagy) and fungi (Britt, 2000; White, 1991). 
Ruffed lemurs are excellent seed dispersers. Seeds are passed whole in their feces which increase 
the chance of sprouting and decreases seed mortality (Dew & Wright, 1998). The Acanthaceae is 
only eaten by V. v. variegata, who acts as a seed disperser for this plant family (Wright et al., 
2011). The ruffed lemurs utilize Ravenala madagascariensis as a source of nectar, and in return, 
became pollinators for this plant species (Kress et al., 1994) The most common plants consumed 
are from the genus Canarium, Cryptocarya, Ocotea, Ravensara, Ficus, Eugenis and Grewia 
(Vasey, 2003). Within Ranomafana National Park (RNP), V. v. variegata feed on 21 fruiting 
plant families (Wright et al., 2011). Fruit consists of 67-94% of V. v. variegata monthly diet at 
RNP (Balko, 1998; Erhart & Grassi, 2009).  
Several mechanisms might be selecting for the maintenance of trichromatic 
polymorphism in Varecia spp. A high level of frugivory might be one of the mechanism 
selecting for maintenance for trichromatic color vision (Mollon et al., 1984; Surridge et al., 2003; 
Melin et al., 2007; Melin et al., 2008). Individuals with trichromacy might be able to spot ripe 
fruits better than dichromats from far away. Ripe fruits (generally red or an admixture of red) 
stand out amongst the lush green foliage such as those of Cryptocarya, Ravensara, and Ficus. 
Predator detection might have been another mechanism that selected for the trichromatic 
polymorphism (Pessoa et al., 2014). Henst’s Goshawk (Accipiter hensti), ring-tailed mongoose 
(Galidia elegans), brown-tailed mongoose (Salanoia concolor) and fossa (Cryptoprocta ferox) 
are potential predators of the ruffed lemurs, but incidents are rare (Karpanty & Grella, 2001; 
Karpanty, 2006; White, 1991; Britt et al., 2001; Vasey, 1997). All four of these predators are 
  
 Vagell 15 
reddish in color. However, fossa predation has only been observed from captive bred individuals 
that have been introduced into the wild (White, 1991; Britt et al., 2001). 
Nonetheless, the behavioral manifestation of polymorphic trichromacy in Varecia spp. is 
not yet evident from previous research and there is minimal evidence to support that 
polymorphic color vision confers an advantage in foraging (Leonhardt et al., 2009; Rushmore et 
al., 2012). Varecia spp. were tasked to retrieve red and green colored cereal over tan (control) 
and green (experimental) backgrounds in a foraging task (Leonhardt et al., 2009). Trichromatic 
and dichromatic females retrieved red food faster than green food in control and experimental 
backgrounds. Both female trichromats and dichromats also preferentially retrieved red food 
before retrieving green food. Dichromatic female Varecia spp. behaved like trichromats by 
seemingly being able to discriminate red from green (Leonhardt et al., 2009). However, I 
hypothesize that Leonhardt et al. (2009) did not rigidly control for brightness cues in their stimuli 
(cereal and background) during testing trials, which could have skewed their results. As a 
consequence, both trichromatic and dichromatic females might have discriminated red food 
amongst the green backdrop using brightness cues. Although the spectral reflectance of their 
stimuli were measured with a spectroradiometer, colored cereals and sawdust could vary in 
brightness depending on whether they were uniformly colored. Thus, using a testing medium 
with a constant and controlled output would be more ideal.  
Subsequently, to tease apart whether Varecia spp. use olfactory or visual cues to select 
for food items, Rushmore et al. (2012) tasked Varecia spp. to retrieve their preferred red (ripe) 
food from green (unripe) food by giving them olfactory, visual, or both cues. When given only 
olfactory cues, Varecia spp. reliably chose red over green food but with only visual cues, both 
trichromats and dichromats reliably chose green over red instead. When both olfactory and visual 
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cues were presented simultaneously, Varecia spp. were able to once again choose red over green 
food reliably. Rushmore et al. (2012) posited that Varecia spp. trichromats and dichromats were 
reliably choosing their preferred red food by olfactory cues alone and that visual cues were used 
to identify green food. Moreover, Varecia spp. seem to rely on olfactory cues to choose red 
(ripe) fruits. Both trichromatic and dichromatic Varecia spp. preferentially chose green over red 
when only visual cues were presented but reliably chose red over green when olfactory cues 
were presented. These results suggest that Varecia spp. rely on olfactory cues when 
discriminating red (ripe) food and that using visual cues alone inhibits their ability to choose red 
over green fruit, which questions whether trichromatic Varecia spp. use their chromatic 
advantage when foraging. Thus, before we can ask what mechanisms are selecting for 
polymorphic trichromacy in Varecia spp., we must first find out whether trichromatic Varecia 
spp. can differentiate red from green. 
 Using electroretinogram flicker photometry (Jacobs & Deegan, 2003) and molecular 
studies (Tan & Li, 1999; Tan et al., 2005; Leonhardt et al., 2009; Bradley et al., 2009) the 
presence of color vision polymorphism has been confirmed in populations of the genus Varecia. 
Both of these methods were used in other studies to infer an individual’s ability to discriminate 
chromatic stimuli (Tan & Li, 1999; Hanazawa et al., 2001; Jacobs et al., 2002; Jacobs & Deegan, 
2003; Tan et al., 2005; Talebi et al., 2006; Melin et al., 2008; Veilleux & Bolnick, 2009). Thus, 
we can infer that both captive populations of V. variegata and V. rubra at Duke Lemur Center 
(DLC) have the ability for trichromatic or dichromatic vision and that they can discriminate 
between chromatic stimuli. However, the behavioral manifestation of color vision is not based 
solely on genotype alone but a culmination of multi-stage process into the behavioral response of 
individuals to discriminate chromatic stimuli (Kelber et al., 2003; Kelber & Roth, 2006). Just 
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because an individual has the genotype for trichromatic vision does not automatically mean that 
it is reflected behaviorally. There are slight differences in the physiology of the eye between 
strepsirrhines and haplorhines, but there are differences in the structure of the retina (Fleagle, 
1999). Many diurnal strepsirrhines have a tapetum lucidum and lack a fovea while diurnal 
haplorhines are the opposite (Fleagle, 1999). The difference in eye physiology could result in 
differences in color vision capacity between strepsirrhines and haplorhine (Jacobs, 2008). 
Furthermore, much of the color vision research has been done in haplorhines, for examples in 
Macaca fascicularis (Devalois et al., 1974; Bowmaker et al., 1980), Saimiri sciureus (Jacobs, 
1984; Jacobs & Blakeslee, 1984; Mollon et al., 1984), Saguinus fuscicollis (Jacobs et al., 1987) 
and Callithrix jacchus (Tovee et al., 1992), instead of strepsirrhines.  
The spectral sensitivities of Varecia spp. are tuned differently than those of many 
haplorhines (Tan & Li, 1999; Jacobs et al., 2002; Bradley et al., 2009), especially to that of 
humans (Nathans et al., 1986b). The MW opsin gene of Varecia spp. is maximally sensitive to 
around 543 nm, and the LW opsin gene is maximally sensitive to around 558 nm (Tan & Li, 
1999; Jacobs et al., 2002; Bradley et al., 2009) while in humans, the MW opsin gene is tuned to 
535 nm and LW opsin gene to 562 nm (Nathans et al., 1986b). It is important to test color 
discrimination using chromatic cues that are appropriate to Varecia spp. color vision (Stevens et 
al., 2009) and to follow methods previously used to determine color vision and its behavioral 
manifestation in haplorhines (Gomes et al., 2002; Pessoa et al., 2003; Pessoa et al., 2005a, 
2005b; Araújo et al., 2008; Prado et al., 2008; Leonhardt et al., 2009; Rushmore et al., 2012; 
Pessoa et al., 2014).  
 
RESEARCH AIMS 
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1. Investigate whether there is a link between genotype and phenotype in Varecia spp.  
2. Investigate whether Varecia spp. trichromacy and dichromacy are expressed 
behaviorally.  
3. Investigate whether Varecia spp. trichromats can discriminate red from green better than 
dichromats. 
4. Investigate whether Varecia spp. trichromats and dichromats can discriminate red from 
green when these stimuli are isoluminant. 
 
METHODS 
 
Hypotheses and Predictions 
 
The following hypotheses will address whether Varecia spp. trichromats and dichromats 
differ in color discrimination, and that there is a relationship between color discrimination 
performance and the individual’s color vision phenotype. 
 
● H1:  Varecia spp. color vision phenotypes do not differ in their abilities to discriminate 
red from gray 
 
That is, both dichromatic and trichromatic Varecia spp. are able to discriminate red from 
gray at above chance level (more than 50%). If H1 is supported, we can posit that both 
dichromatic and trichromatic Varecia spp. are able to discriminate red from gray. If H1 is not 
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supported, we can posit that dichromatic and trichromatic Varecia spp. vary in their abilities to 
discriminate red from gray.  
 
We also predict that dichromats and trichromats are able to discriminate red from 
different gray intensities of the same brightness at above chance level (more than 50%). If this is 
not supported, both dichromatic and trichromatic Varecia individuals rely on brightness cues to 
discriminate red from different gray intensities. 
 
● H2:  Varecia spp. color vision phenotypes differ in their abilities to discriminate red from 
green 
 
That is, trichromatic Varecia spp. are able to discriminate red from green at above chance 
level  (more than 50%) and dichromatic Varecia spp. are able to discriminate red from green at 
chance level (50%) . If H2 is supported, we can posit that the color vision genotypes in Varecia 
spp. are expressed behaviorally. If H2 is not supported, we can posit that the color vision 
genotypes in Varecia spp. are not expressed behaviorally, and that although these heterozygous 
females are capable of trichromacy, they are not using that information in their visual system. 
We also predict that trichromats are able to discriminate red from different green 
intensities at above chance level (more than 50%) while dichromats are able to discriminate red 
from different green intensities at chance level (50%). If this is not supported, both dichromat 
and trichromat Varecia spp. relies on brightness cues to discriminate red from different green 
intensities. 
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Research Methods 
 
 Research was conducted at Duke Lemur Center (DLC) in Durham, North Carolina from 
May 2015 until May 2016. Subjects were housed in indoor enclosures, with each enclosure 
measuring 10 ft. height x 7.5 ft. wide x 7 ft. length. The ruffed lemurs are socially housed inside 
these enclosures ranging from 2 to 4 animals per family group (Figure 6). Indoor enclosures are 
divided by cement walls and chain-link fencing on the front, while outdoor enclosures are 
surrounded by chain-link fencing. Ambient and fluorescent lighting provides light in the 
enclosures. All ruffed lemurs have access to both indoor and outdoor enclosures. Some have the 
option to free-range inside the Duke Forest which is connected to the DLC, weather and 
temperature permitting. Research were conducted before lemurs are fed, from 8:30 AM to 12:00 
PM, Mondays to Fridays. Our study subjects consisted of 19 ruffed lemurs but only 5 individuals 
were fully trained and participated in testing. We selected these 5 individuals based on their 
initial interest in participating with the study and continued interest throughout the whole study 
(Table 2). Out of these 5 individuals, 3 are females and 2 are males. This research incorporates a 
cross-disciplinary approach to answer the research question: psychophysics, genetic analysis, 
technology, and animal training. 
 
Psychophysics 
 
 We identified the absorption curves and peaks of the L and M opsins in humans 
(Bowmaker & Dartnall, 1980; Wyszecki & Stiles, 1982; Abramov & Gordon, 2006) (Figure 3), 
as well as calibrated the touchscreen tablet that is used in the research apparatus using a 
  
 Vagell 21 
spectroradiometer (Photo Research Spectrascan 670). We use the RGB color model to designate 
the intensities for red, gray, and green stimuli in the experiment so that we can specify and 
control the stimuli. Red has one constant RGB value while gray and green each have seven RGB 
values across a range of log10 increments (Table 3). Luminance (cd/m
2
) was calculated using the 
formula [(Gain x Gun Value
Exponent
) + Offset] (Table 3). Each gray and green stimulus gets 
progressively brighter at log10 increments because test stimuli were calibrated to control for 
intensities (brightness). We identified the RGB values of the isoluminant point for gray and 
green (log10 of 0) when paired with the red stimulus based on human luminance (Table 3). That 
is, at log10 of 0, gray and green will have the same intensities as the red that it is paired with. 
Lemurs would have to use chromatic cues instead of brightness cues to discriminate red from 
gray or green. 
Using the calibrated values, we use the human absorption curves to model how ruffed 
lemurs perceive colors through touchscreen tablet (Figure 3). During testing, gray and red are 
used so that the subjects can easily discriminate between an achromatic (gray) and chromatic 
(red) stimulus. We use the red/gray pairing in Phase 1 of our testing as control and validation that 
our research apparatus works. Green is used during testing so that we can investigate whether 
subjects can perceive green and red differently. We use the red/green pairing in Phase 2 to test 
whether phenotypic Varecia spp. trichromats are able to discriminate red from green. 
Ruffed lemur visual perception is largely unknown due to lack of psychophysical studies 
with lemurs, particularly this genus. For this research, we assume that chromatic discrimination 
works the same across primate taxa and modeled our research methods based on human infant 
studies (Adams et al., 1994; Clavadetscher et al., 1988). Thus, we postulate that Varecia spp. can 
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reliably discriminate red from gray (Adams et al., 1994) and can make chromatic (red vs. green) 
discriminations (Clavadetscher et al., 1988).  
Training and test stimuli consist of a black background and rectangle and square target 
keys (red, gray, and green). During training, target keys vary in size (Figure 4). The target key 
gets progressively smaller until subjects are shaped to touch the same size target key as during 
testing. The size of the testing target key is 3.625x 3.625 inch (9.206 x 9.206 cm) square, about 
the length of a ruffed lemur’s palm (Baden et al., 2008). Having a target key that is the size of 
their palm could reduce error when performing the discrimination tasks.  
The size of target key has an influence in chromatic discrimination. A study by Adams et 
al. (1990) found that human newborns can discriminate 8 degree red squares from white but 
required 16 degree green squares for discrimination from white. That is, human newborns were 
able to discriminate red in smaller target key size compared to green if the distance between the 
stimuli and the observer is constant. The distance between the lemurs and the touchscreen was 
constant during their trials, at about 6 inches away. However, there have yet to be any studies on 
the influence of target key size in chromatic discrimination in nonhuman primates.  
 
Genetic Analysis 
 
All genetic analyses were conducted in the Primate Molecular Ecology Lab (PMEL) at 
Hunter College of the City University of New York. Blood samples were obtained from all 
participating ruffed lemurs at Duke Lemur Center. Genomic DNA were extracted from blood 
samples using DNEasy Blood & Tissue Kit from QIAGEN.  
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The DNA sequences were amplified with quantitative polymerase chain reaction (qPCR) 
using primer sequences on exon 3 (5’-TCTGGTCCCTGGCCATCATTTC-3’ and 5’-
CACACTTACCTGCTCCAACC-3’) and on exon 5 (5’-GTAGCAAAGCAGCAGAAAGA-3’ 
and 5’-CTGCCGGTTCATAAAGACGTAGATAAT-3’) (Jacobs et al., 2016). The qPCR 
reactions were then analyzed on a Rotor-Gene Q (QIAGEN) and later quantified using 
QIAGEN’s High Resolution Melt Analysis (HRMA) protocol as well as protocols developed by 
Bradley et al. (2009) and Jacobs et al. (2016). We use the HRMA protocol developed by Jacobs 
et al. (2016) to conduct a rapid, and less costly, color vision genotyping. The HRMA compares 
melting curves of various color vision genotypes in ruffed lemurs (homozygous M, homozygous 
L, and heterozygous ML) by identifying the signature slope and peak of these curves (Jacobs et 
al., 2016). Using the HRMA we identified the genotypes of our subjects. The color vision 
genotypes of some individuals were known from previous studies (Leonhardt et al., 2009; 
Rushmore et al., 2012). Thus, HRMA genotyping was used to confirm genotypes in those cases, 
as well as obtain genotype information from additional individuals. Genotype results were 
unknown to the principal investigator (RV) until completion of all experimental trials. We use a 
double blind approach to avoid biasing the data collection.  
 
Technology 
 
Software and electronic engineering were applied to build the test apparatus, which is an 
electronic device. The Subject-Mediated Automatic Remote Testing Apparatus (SMARTA) is a 
novel device built from inexpensive parts, which automatically records and uploads data online 
(Vagell et al., 2017). SMARTA automates the process of running trials with animal subjects, to 
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avoid biases and improve the quality of data. SMARTA also has the capability to record videos 
from its forward facing camera during testing trials. 
SMARTA is a 10 inch Android tablet touchscreen monitor connected to a conveyor belt 
that dispenses food rewards, with a smartphone remote control app (Figure 5). The conveyer 
belt, powered by a battery pack, is mounted with 7 small plastic cups where food rewards are 
stored and dispensed. Both the tablet and the conveyer belt are mounted inside an acrylic box. 
Subjects can only see the tablet screen, while the conveyer belt is hidden inside the box during 
trials. 
During training, food rewards are dispensed manually via the smartphone app when the 
subject touches the target key. A pre-recorded whistle tone plays from SMARTA when the food 
reward is dispensed. If the subject does not touch the target key or touches an area that is not the 
target key, no sound is made; the apparatus turns off and the trial ends. Each session consists of 7 
trials. Each trial lasts for 30 seconds if no choice was made by the subject. There is a 5 second 
break between each trial. The track will not move if no choice or an incorrect choice is made. 
SMARTA is refilled after each session because it can only hold 7 food rewards.  
SMARTA has a calibration mode where RGB values can be entered. The actual light 
output of the tablet screen was first calibrated with a spectroradiometer (e.g. Photo Research 
Spectrascan 670) to determine RGB values for the stimuli and then entered into the smartphone 
remote control app. We calibrate our RGB values because the values will vary among different 
electronic screens, for example across models and manufacturers. By calibrating the stimuli first, 
we can control and standardize the RGB values that we want our subjects to see. This way, if 
SMARTA were to use a different tablet than it currently uses, we could calibrate the screen and 
control for the same wavelength and intensity output. 
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We used the programming language Java to write SMARTA’s software, which is a pair 
of Android applications (i.e. for tablet and smartphone). We created SMARTA as an Android 
apparatus because Android electronics are cheaper to purchase, thus making SMARTA 
inexpensive to build (about $700 as of 2016). An Arduino is used as a microcontroller to control 
the conveyer belt. Bluetooth technology is used to pair SMARTA’s smartphone and tablet during 
training and testings sessions so that both electronics can communicate with each other. This 
provides an inexpensive remote control; any modern Android smartphone can be used. The 
SMARTA smartphone remote control app uses Bluetooth radio technology to relay commands 
from the smartphone to the tablet (e.g. changing between training modes, dispensing food 
rewards, etc.). We use Google Drive, specifically Google Sheets to create the master spreadsheet 
for data collection. When SMARTA logs data during training and testing sessions, these data are 
sent to the master spreadsheet automatically via the internet without needing manual data entry. 
If the phone has no internet connectivity during a training or testing session, it stores data in its 
local storage. When the app is run next time, it checks for an internet connection and offers to 
upload the data. In this way, SMARTA can be used even when there is no internet connection 
available (e.g. in enclosures where wifi cannot reach). 
We validated the efficiency, reliability, and consistency of SMARTA in our lab. An 
Interobserver Reliability test was conducted at PMEL. We asked human observers (n=10) to 
watch two videos of lemurs participating in test sessions and to record the data three times per 
video (repeated test) to test for efficiency, reliability, and consistency. Observers were able to 
record trial durations as efficient as SMARTA with only 1 second difference, however, they had 
to pause the videos an average of 2 times to record data per session which makes manual data 
entry taxing. Results from repeated test show that observers were inconsistent with how they 
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score correct choice as opposed to SMARTA who has a preset “correct choice” logic in its 
program.  
 
Animal Training 
 
Subjects were trained and shaped with positive reinforcement and operant conditioning to 
use SMARTA (Figure 6). They are trained to approach SMARTA when the trial starts and to use 
their hands to touch target keys. Multiple modes of interactive training appears from SMARTA 
during training using the phone app. and the touchscreen (Figure 4). Each mode helps 
approximate a subject to touch a red square and to learn that when given a choice, they should 
always touch the red square. These modes teach the animals the logic of this two-choice 
discrimination task.  
 
EXPERIMENTAL DESIGN: 
 
Training Phase 
 
First, SMARTA was left in the enclosure and the subjects were allowed to explore and 
investigate the testing apparatus. During this training phase, subjects were trained and shaped to 
use SMARTA. Food reward (raisin or dried cranberries) are delivered manually via the phone 
app. when the subject stations itself in front of SMARTA. This step is repeated a few times to 
approximate the behavior so that the subject knows to station itself in front of SMARTA when it 
enters the enclosure. Next, we shape the subject to pay attention to the touchscreen. Subjects 
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were whistle trained at the DLC prior to this research so we used a whistle as a bridge between 
desired behavior and food reward. Once the subjects are shaped to station in front of SMARTA 
and to pay attention to the touchscreen, they are then shaped to touch the touchscreen using their 
hands. If at any point they fail to progress to the next training step, we go back to the previous 
training goals and try to shape them again to approximate the next step.  
When the subject reliably stations itself in front of SMARTA and pay attention to the 
touchscreen, a target key will appear on the screen (Figure 4 & Figure 6). At the beginning, the 
target key is the same size as the screen and then it progressively gets smaller into the same size 
as the testing target key. When the subject touches the target key, a food reward is dispensed. We 
approximate this behavior to correctly shape the subject to touch the target key by slowly 
increasing the criteria when they are positively reinforced. At first, we reinforce whenever the 
subject touches any part of the screen. Slowly, we only reinforce when their hands are close to 
the square. Ultimately, we only reinforce when their hands are only touching the inside of the 
target square. Training phase ends when subjects reliably station in front of SMARTA and are 
able to discriminate red when given a discrimination task. SMARTA will automatically records 
the name of the subject, date and time of the trial, and training durations (Table 4). 
 
 
Testing Phase 
 
During the testing phase, all subjects should have learned the logic of the discrimination 
task. There are two testing phases: Phase 1 and Phase 2. During Phase 1, subjects are given a 
choice between red and gray while during Phase 2, subjects are given a choice between red and 
  
 Vagell 28 
green. Subjects have to choose red for both phases. The positions of red and gray (or green) 
squares are randomized by the computer and appear either on the left or right of the touchscreen 
(Figure 7 & Figure 8).  
 
Procedures 
 
  All animal handling was done by Duke Lemur Center staff. SMARTA is presented to the 
subjects inside their enclosure and each individual is tested separately. Trial begins when the 
subject enters the enclosure. SMARTA automatically records the name of the subject, date and 
time of the trial, trial number, trial durations. RGB value and position of stimuli, and whether the 
subject made a correct, incorrect, or timed out choice (Table 5). Subjects is also recorded using 
the forward facing camera from the tablet when the trial begins until it ends, as well as with a 
mini hands free action camera (Veho VCC-005-MUVI-NPNG MUVI HD) attached to the 
enclosure. The number of days required during the training phase for each individual is 
contingent to how well an individual learns. We found no evidence that sex or age were variables 
in how fast a lemur can be trained to use SMARTA (Vagell et al., 2016). Instead, individuals 
vary in their training time, between 2 to 5 months that span between 42 and 172 session (Vagell 
et al., 2016). All subjects were trained and tested every day (Monday to Friday) unless they were 
unwilling to participate.  
 
RESULTS 
Genetic Analyses 
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Genetics results from PMEL using the HRMA protocol show that all female subjects (n = 
3; Carme, Halley, and Kizzy) are trichromats and all male subjects (n = 2; Ravo and Rees) are 
dichromats (Table 6; Figure 20). Prior to this study, the color vision phenotypes of these 
individuals were unknown to me and was only revealed to me once I am doing data analyses. 
 
Red and Gray Discrimination 
 
 Figure 9 shows the percentage of correctly choosing red from gray by individuals. We 
found that all individuals, both trichromats and dichromats, correctly chose red at above chance 
level (more than 50%) in all intensities of gray. We also graphed the percent correct of each 
individual lemurs choosing red from gray as a function of testing days (Figure 18). The 
percentage of correctly choosing red from different gray intensities by individuals and 
phenotypes at increasing log10 intensities are shown on Figure 10 & Table 9.  
We found no statistical significance (p > 0.05) when comparing the performance of 
trichromats and dichromats to discriminate red from different gray intensities (Figure 13, Table 7 
& Table 11). Comparing the mean percent correct discriminating red from gray by trichromats 
and dichromats (Figure 11 & Table 11), both phenotypes correctly discriminated red from gray 
at above chance level (more than 50%). Figure 12 & Table 11 compares the absolute mean 
percent for both trichromats and dichromats discriminating between stimuli (red vs. gray). 
Varecia spp. color vision phenotypes (trichromat vs. dichromat) do not differ in their 
overall abilities to discriminate red from gray intensities (G2 = 0, p = 1, p > 0.05). We found no 
statistical significance between trichromats and dichromats in their ability to discriminate red 
from seven different gray intensities (Figure 13 & Table 7). 
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Red and Green Discrimination 
 
 Figure 14 shows the percentage of correctly choosing red from green by individuals. We 
found that all trichromats correctly chose red at above chance level (more than 50%) and all 
dichromats chose red at around chance level (50%). We also graphed the percent correct of each 
individual lemurs choosing red from green as a function of testing days (Figure 19). The 
percentage of correctly choosing red from different green intensities by individuals and 
phenotypes at increasing log10 intensities are shown on Figure 15 & Table 10.  
There is a statistical significance between trichromats and dichromats in their ability to 
discriminate red from different green intensities except at log10 of -0.3, where the ability of 
trichromats and dichromats to discriminate red from green (G2 = 5.90, p = 0.052, p > 0.05) was 
not statistically significant (Figure 13, Table 8 & Table 12). Comparing the mean percent correct 
discriminating red from green by trichromats and dichromats (Figure 16 & Table 12), we found 
that trichromats discriminated red from green at above chance level (more than 50%) but 
dichromats discriminated red from green at chance level (50%). Figure 17 & Table 12 compares 
the absolute mean percent for both trichromats and dichromats discriminating between stimuli 
(red vs. green). 
Varecia spp. color vision phenotypes (trichromat vs. dichromat) do, however, differ in 
their ability overall to discriminate red from green intensities (G2 = 78.10, p = 0.00001). We 
found a statistical significance between trichromats and dichromats in their ability to 
discriminate red from seven different green intensities (Figure 13 & Table 8). 
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DISCUSSIONS 
 
As expected, all of our males are dichromats. We expected that at least one our females to 
be a dichromat but instead, all of our female subjects are trichromats. We are currently working 
to expand the sample size by training new lemurs, and we are hoping to include at least some 
female dichromats in the study. While our results show that there are differences between 
trichromats and dichromats abilities to discriminate red from green, adding dichromatic females 
into the sample would prove that the results were not skewed by sex. Additional genetic analyses 
(sequencing of the opsin genes) will be done in the future to determine the exact peaks of each 
lemur’s cone pigments to additionally tease out whether these dichromats are protanopes or 
deuteranopes.  
All individuals were able to discriminate red from gray at all intensities (Figure 9) above 
chance level based on their correct choices. This is in concordance with both trichromats and 
dichromats being able to discriminate red (chromatic) from gray (achromatic) stimuli (Adams et 
al., 1994). Not all individuals were able to discriminate red from green (Figure 14). All 
trichromats (Carme, Halley, and Kizzy) discriminated red from green higher than chance but all 
dichromats (Ravo and Rees) discriminated red from green at chance level. As predicted, 
trichromats should be able to discriminate red from green while dichromats are discriminating 
red from green at chance level (Clavadetscher et al., 1988).  
For Phase 1 (Figure 18) and Phase 2 (Figure 19), we graphed each lemur’s performance 
by day of testing. There is a positive trend for both Phase 1 (red vs. gray) and Phase 2 (red vs. 
green), indicating that the lemurs learned the logic of the two-choice discrimination task. All 
lemurs performed above chance (more than 50%) over time during Phase 1. With the exception 
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of Rees, whose performance declined over time, all lemurs performed above chance (more than 
50%) during Phase 2. SMARTA has a “Timed Out” option, in which it records whether a lemur 
did not respond to the discrimination task, meaning they did not choose any stimuli for the 
duration of a testing trial (30 seconds). If a lemur had “Timed Out” or discriminated incorrectly, 
their percent correct (performance) would be low. As each lemur’s personalities vary, we 
generally limit each subject to an average of 3 sessions per day. Some lemurs perform at the 
same rate in multiple sessions while others start to decline after the second session.  
However, if we look at different individuals discriminating red from different gray 
intensities (Figure 10 & Table 9), Kizzy (48.39%) and Rees (49.02%) actually discriminated red 
from gray log10 of 0.1 below chance level. This means, at gray log10 of 0.1, Kizzy and Rees chose 
more green than red. We are unsure why Kizzy and Rees chose green more than red at that 
intensity but running more trials would further elucidate whether this behavior is intentional or 
because of a small sample (trial) size.  
When compared between different green intensities (Figure 15 & Table 10), Carme and 
Halley were able to discriminate red from green higher than chance for all green intensities. 
Kizzy, Ravo, and Rees were unable to discriminate red from green higher than chance for some 
of the green intensities. Although Kizzy is phenotypically trichromat, and her performance in a 
few green intensities would suggest that she is behaving like a dichromat, this could be attributed 
to individual personalities or the specific L/M pigment she has (Table 10). Sometimes Kizzy 
would panic when she choose incorrectly in a trial. We noticed a frantic swiping behavior in 
some lemurs when they incorrectly choose a stimulus (no food reward is dispensed). They 
frantically swipe the touchscreen and oftentimes subsequent trials would be incorrect because 
they swiped the incorrect stimulus. A larger sample size (more trials) would further elucidate 
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whether this frantic behavior contributed to her strange data points. There is also a possibility 
that while Kizzy is a trichromat, her L/M pigments could have been shifted and behaviorally sees 
red and green like a dichromat. Additional analysis by sequencing Kizzy’s DNA would further 
elucidate what the alleles of her L/M cones are. 
Log10 of 0 is the human isoluminant point for the red (RGB value: 191, 0, 0) and green 
(RGB value: 0, 125, 0) pair. When both stimuli are isoluminant, they have the same luminance 
and can only be discriminated based on color (Teller & Lindsey, 1989; Lu et al., 1999; Abramov 
& Gordon, 2006). While the chromatic difference is easy to distinguish by trichromats, 
dichromats perceive this red/green pair as the same chroma (color) with the same intensity 
(brightness). Thus, we expect all trichromats to not be impeded by the isoluminant point but 
predicted that dichromats would be making a choice purely by chance. All of our trichromats 
(Kizzy, Halley, and Carme) performed better than chance. Ravo’s performance at the 
isoluminant point (40%) approaches chance level but Rees’s performance is an outlier (only at 
9.52%). This means at that the isoluminant point, Rees was choosing green consistently over red. 
Rees’s data is the complete inverse of what we had expected from a dichromat. Since Rees 
cannot use intensity cues at the isoluminant point, he might be using chromatic cues. Another 
possible explanation could be that since we are using human absorption curve to model the RGB 
values, what Rees perceive as a ruffed lemur is not an isoluminant point but minute color and 
intensity cues. However, it is still unclear why Rees would choose green over red as he is not 
reinforced with a food reward from SMARTA when he chooses green. 
Comparing the ability to discriminate red from seven different gray intensities by 
phenotypes, both trichromats and dichromats were able to discriminate them higher than chance 
(Figure 13, Table 7 & Table 11). The change in log10 intensities, ranging from -0.3 to 0.3 W/m
2
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ster with increments of 0.1 W/m
2
 ster, did not impede dichromatic subjects from discriminating 
red from gray. This is expected as both trichromats and dichromats were predicted to make 
chromatic (red) discrimination against achromatic (gray) stimuli (Adams et al., 1994).  
When comparing the ability to discriminate red from seven different green intensities 
using G-test, trichromats were able to discriminate red higher than chance while dichromats 
discriminated red at chance level (Figure 13, Table 8 & Table 12). Results were expected 
because it is in concordance with dichromats unable to tell red and green apart due to the lack of 
L-cones that are tuned to the long-wavelength, which enable the discrimination of red and green 
(Bowmaker & Dartnall, 1980; Neitz & Neitz, 2000; Sharpe et al. 2001; Abramov & Gordon, 
2006). Trichromats, however, possess L-cones and can discriminate between red and green 
(Bowmaker & Dartnall, 1980; Clavadetscher et al., 1988; Abramov & Gordon, 2006).  
The change in log10 intensities, ranging from -0.3 to 0.3 W/m
2
 ster with increments of 0.1 
W/m
2
 ster, impeded dichromatic subjects from discriminating red from green. Specifically, the 
isoluminant point log10 of 0 elicited a stark contrast between trichromats and dichromats in red 
discrimination (Figure 15 & Table 12). As relative intensities increases, trichromats are still 
discriminating red from different green intensities higher than chance. For dichromats however, 
they are discriminating red from green at chance level. Log10 of 0 is the isoluminant point and 
prove to be difficult for dichromats to discriminate. However, because of an outlier (Rees) and a 
small sample size (n = 2), the mean percentage of correctly choosing red over green drastically 
decreased to about 24%. Dichromats were guessing when choosing red from green at all the 
intensities except at log10 of 0 where it seems like they were purposely choosing green over red. 
However, when looking at individual performance (Table 10), Ravo was discriminating red from 
green at chance (40%) while Rees is preferentially discriminating green from red above chance 
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(9.52%). Therefore, clumping Ravo and Rees together in the dichromat category made this data 
point an outlier. A larger dichromat sample size would further elucidate whether Varecia spp. 
dichromats were purposely choosing green over red. While dichromats might not be able to 
perceive chromatic difference between red and green, we expected the dichromats to use 
brightness differences when making discrimination. Genetic analyses revealed that although 
Ravo and Rees are both dichromats, Ravo is homozygous L and Rees is homozygous M (Figure 
20). Therefore, the difference in performance by these two dichromats could have been due to 
different spectral sensitivities.  
Using absolute mean percent, we demonstrated that lemurs were making discrimination 
between stimuli during testing in Phase 1 (red vs. gray) and Phase 2 (red vs. green). Both 
trichromats and dichromats made discriminations above chance level (over 50%) when presented 
with red and different gray intensities (Figure 12 & Table 11) as well as when presented with red 
and different green intensities (Figure 17 & Table 12).  
We use a G-test to predict the likelihood ratio of trichromats and dichromats successfully 
making the correct outcome when given a two-choice discrimination task. When we compare the 
percent correct between trichromats and dichromats, there was no statistically significant 
difference (G2 = 0, p = 1, p > 0.05). for both phenotypes when discriminating red from gray 
(Figure 13, Table 7) and that the likelihood of both phenotypes to correctly choose red is the 
same. Thus, we can posit that Varecia spp. trichromats and dichromats are able to make 
chromatic discrimination against an achromatic stimulus like humans (Adams et al., 1994). 
These results support H1 in that Varecia spp. color vision phenotypes do not differ in their 
abilities to discriminate red from gray. Just as we had predicted. both phenotypes can 
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discriminate red from gray and do not rely on brightness cues to discriminate red from different 
gray intensities  
We found a statistically significant difference (G2 = 78.10, p = 0.00001, p < 0.001) for 
trichromats and dichromats when discriminating red from green (Figure 13 & Table 8), that is, 
trichromats were discriminating red at a different rate than dichromats. Thus, we can posit that 
the results support H2 in that Varecia spp. color vision phenotypes differ in their abilities to 
discriminate red from green. Trichromats were able to correctly choose red using color and 
brightness cues while dichromats were probably not able to use brightness cues. 
I am currently conducting the same ruffed lemur color vision study (Vagell, 2017), but 
have corrected the RGB values and isoluminant point using ruffed lemur absorption curves 
instead. There is a 9 nm shift for M opsin and 6 nm shift in L opsin. While the shifts are minute, 
we approached this question using human absorption curve and then comparing it to the ruffed 
lemur absorption curve to see if there are any significant changes in red discrimination caused by 
these shifts.  
 
CONCLUSIONS 
 
Varecia spp. trichromats and dichromats do not differ in their ability to discriminate red 
from different gray intensities (G2 = 0, p > 0.05). They do, however, differ in their ability to 
discriminate red from different green intensities (G2 = 78.10, p < 0.001). As predicted, 
trichromats were able to discriminate red from different green intensities while dichromats were 
unable to. Particularly, at the human isoluminant point, one of the dichromats (Rees) chose green 
preferentially over red. We are able to show the behavioral manifestation of trichromacy in 
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Varecia spp. using SMARTA. However, a larger sample size and detailed genetic analyses 
would further elucidate the behavioral manifestation of both trichromats and dichromats. 
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APPENDICES 
 
Family Genus Vision 
Lemuridae Eulemur 
Dichromats (Kawamura & Kubotera, 2004; Tan & Li, 
1999; Jacobs & Deegan, 1993) 
 Lemur Dichromats (Tan & Li, 1999; Jacobs & Deegan, 1993) 
 Hapalemur Dichromats (Tan & Li, 1999) 
 Varecia Polymorphic Trichromats (Tan & Li, 1999) 
   
Indridae Propithecus 
Polymorphic Trichromats (Tan & Li, 1999; Jacobs et 
al., 2002; Jacobs et al., 2017) 
 Indri Polymorphic Trichromats (Jacobs et al., 2017) 
 Avahi Dichromats (Veilleux et al., 2014; Jacobs et al., 2017) 
   
Cheirogaleidae Microcebus Dichromats (Tan & Li, 1999) 
 Cheirogaleus Dichromats (Tan & Li, 1999) 
 Phaner Dichromats (Veilleux et al., 2013) 
 Allocebus Dichromats (Veilleux et al., 2013) 
   
Daubentoniidae Daubentonia Dichromats (Kawamura, 2016; Tan & Li, 1999) 
   
Galagonidae Galago 
Monochromats (Kawamura & Kubotera, 2004; Tan & 
Li, 1999; Zhou et al., 1997; Deegan & Jacobs, 1996) 
 Otolemur 
Monochromats (Kawamura & Kubotera, 2004; Tan & 
Li, 1999; Zhou et al., 1997; Deegan & Jacobs, 1996; 
Jacobs et al., 1996) 
   
Loridae Loris Dichromats (Tan & Li, 1999) 
 Nycticebus 
Dichromats (Kawamura & Kubotera, 2004; Tan & Li, 
1999) 
 Perodicticus Dichromats (Tan & Li, 1999) 
   
Tarsiidae Tarsius 
Dichromats (Kawamura & Kubotera, 2004; Tan & Li, 
1999) 
   
Callitrichidae Callithrix 
Polymorphic Trichromats (Bowmaker, 1998; Jacobs, 
1998; Hunt et al., 1993; Kawamura et al., 2001) 
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 Cebuella 
Polymorphic Trichromats (Bowmaker, 1998; Jacobs, 
1998; Surridge & Mundy, 2002) 
 Callimico Polymorphic Trichromats (Surridge & Mundy, 2002) 
 Leontopithecus 
Polymorphic Trichromats (Bowmaker, 1998; Jacobs, 
1998; Surridge & Mundy, 2002) 
 Saguinus 
Polymorphic Trichromats (Jacobs et al., 1987; Jacobs 
et al., 1993) 
   
Cebidae Aotus 
Monochromats (Levenson et al., 2007; Zhou et al., 
1997; Jacobs et al., 1987) 
 Saimiri 
Polymorphic Trichromats (Bowmaker, 1998; Jacobs 
et al., 1993) 
 Cebus 
Polymorphic Trichromats (Bowmaker, 1998; Shyue 
et al., 1998; Jacobs & Neitz, 1987) 
 Alouatta Trichromats (Jacobs et al., 1996) 
 Lagothrix Polymorphic Trichromats (Jacobs & Deegan, 2001) 
 Ateles Polymorphic Trichromats (Jacobs & Deegan, 2001) 
 Callicebus 
Polymorphic Trichromats (Jacobs & Neitz, 1987; 
Jacobs & Deegan 1999a) 
   
Cercopithecidae Macaca Trichromats (Jacobs & Deegan, 1999b) 
 Cercopithecus 
Trichromats (Jacobs & Deegan, 1999b; Bowmaker et 
al., 1991) 
 Miopithecus 
Trichromats ( Bowmaker et al., 1991; Dulai et al., 
1994) 
 Colobus Trichromats (Jacobs & Deegan, 1999b) 
 Presbytis Trichromats (Jacobs & Deegan, 1999b) 
   
Hylobatidae Hylobates Trichromats (Deegan & Jacobs, 1001) 
   
Hominidae Pongo Trichromats (Deeb et al., 1994) 
 Pan 
Trichromats (Dulai et al., 1994; Deeb et al., 1994; 
Jacobs et al., 1996) 
 Gorilla 
Trichromats (Dartnall et al., 1983; Nathans et al., 
1986) 
 Homo Trichromats (Dulai et al., 1994; Deeb et al., 1994) 
 
Table 1: Color vision phenotypes across primate taxa. 
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Name Age Sex Species In The Study? 
Amor Jr. 2 Male Varecia variegata NO 
Antlia 27 Female Varecia rubra NO 
Borealis 28 Male Varecia rubra NO 
Carme* 4 Female Varecia rubra YES 
Comet 31 Male Varecia rubra NO 
Galaxy 31 Female Varecia rubra NO 
Halley* 2 Female Varecia variegata YES 
Herschel 2 Male Varecia variegata NO 
Hunter 19 Male Varecia rubra NO 
Kizzy* 11 Female Varecia variegata YES 
Krok 6 Male Varecia variegata NO 
Magellan 5 Male Varecia variegata NO 
Minias 22 Male Varecia rubra NO 
Pandora 4 Female Varecia rubra NO 
Puck 4 Male Varecia rubra NO 
Pyxis II 21 Female Varecia rubra NO 
Ravo* 13 Male Varecia variegata YES 
Rees* 2 Male Varecia variegata YES 
Titan 4 Male Varecia rubra NO 
 
Table 2: Name, age, sex, and species of all lemur subjects at Duke Lemur Center when the study 
was first started. Only 5 individuals* were selected to participate in the study based on their 
initial and continued interest in the study. 
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TRAINING R G B 
Intensity Log10  
(W/m
2 
ster) Luminance (cd/m
2 
) 
RED 191 0 0 0 39.94 
GRAY 69 69 69 - 0.3 25.05 
TESTING PHASE I R G B 
Intensity Log10  
(W/m
2 
ster) Luminance (cd/m
2 
) 
RED 191 0 0 0 39.94 
GRAY 1 69 69 69 - 0.3 25.05 
GRAY 2 77 77 77 - 0.2 31.19 
GRAY 3 87 87 87 - 0.1 39.70 
GRAY 4 98 98 98 0 50.13 
GRAY 5 110 110 110 0.1 62.76 
GRAY 6 124 124 124 0.2 79.14 
GRAY 7 139 139 139 0.3 98.61 
TESTING PHASE II R G B 
Intensity Log10  
(W/m
2 
ster) Luminance (cd/m
2 
) 
RED 191 0 0 0 39.94 
GREEN 1 0 89 0 - 0.3 24.92 
GREEN 2 0 99 0 - 0.2 30.80 
GREEN 3 0 113 0 - 0.1 40.04 
GREEN 4 0 125 0 0 48.89 
GREEN 5 0 142 0 0.1 62.87 
GREEN 6 0 159 0 0.2 78.56 
GREEN 7 0 179 0 0.3 99.19 
 
Table 3: RGB values and the corresponding log10 intensities and luminance for red, gray, and 
green used as stimuli during training and testing sessions. Red has a constant RGB value while 
gray and green has seven different RGB values, each increasing logarithmically (W/m
2 
ster). The 
luminance (cd/m
2
) was calculated using the formula [(Gain x Gun Value
Exponent
) + Offset] or 
[(0.0008 x Gun Value
2.0620
) + 0.8200]. 
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Table 4: SMARTA spreadsheet for training. Includes Subject (name), Training Start (date and 
time), and Training duration (in minutes). 
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Table 5: SMARTA spreadsheet for testing (Phase 1 and Phase 2). Includes Subject (name), 
Phase (1 or 2), Session start (date and time), Trial (trial number), Trial duration (in seconds), Left 
color (RGB of left square), Right color (RGB of right square), Timed out (if subject did not 
interact with touchscreen for the 30 second duration of trial), and Correct (true or false if subject 
correctly choose red target key). 
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Name Species Sex Phenotype 
Carme Varecia rubra Female Trichromat 
Halley Varecia variegata Female Trichromat 
Kizzy Varecia variegata Female Trichromat 
Ravo Varecia variegata Male Dichromat 
Rees Varecia variegata Male Dichromat 
 
Table 6: Color vision phenotype of all subjects based on HRM protocol.  
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RGB 
Values 
(Gray) 
Intensity 
Log10  
(W/m
2 
ster) 
Trichromat 
Number of 
Trials 
Trichromat 
Number of 
Correct 
Choice 
Dichromat 
Number of 
Trials 
Dichromat 
Number of 
Correct 
Choice df G Test p-value 
R: 69  
G: 69  
B: 69 - 0.3 116 78 118 72 2 0.99 0.609 
R: 77 
 G: 77 
 B: 77 - 0.2 117 75 116 77 2 0.13 0.937 
R: 87  
G: 87  
B: 87 - 0.1 116 74 117 80 2 0.55 0.759 
R: 98 
G: 98 
 B: 98 0 118 76 116 81 2 0.78 0.677 
R: 110 
 G: 110  
B: 110 0.1 119 68 117 71 2 0.31 0.856 
R: 124 
 G: 124  
B: 124 0.2 116 81 115 73 2 1.05 0.591 
R: 139  
G: 139  
B: 139 0.3 116 77 118 74 2 0.34 0.843 
TOTAL  818 529 817 528 2 0.00 1.000 
  
Trichromat
% Correct 64.67 
Dichromat
% Correct 64.63    
 
Table 7: Performance of trichromats and dichromats in discriminating red from seven different 
gray intensities in log10 intensities based on number of correct choice (choosing red target 
square). Trichromat percent correct is 64.67% and dichromat percent correct is 64.63%. There is 
overall no statistical significance difference between trichromats and dichromats in 
discriminating red from gray (G2 = 0, p = 1, p > 0.05). 
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RGB 
Values 
(Green) 
Intensity 
Log10  
(W/m
2 
ster) 
Trichromat 
Number of 
Trials 
Trichromat 
Number of 
Correct 
Choice 
Dichromat 
Number of 
Trials 
Dichromat 
Number of 
Correct 
Choice df G Test p-value 
R: 0 
 G: 89  
B: 0 - 0.3 116 84 46 24 2 5.90 0.052 
R: 0  
G: 99  
B: 0 - 0.2 116 74 45 19 2 6.14 0.046* 
R: 0  
G: 113  
B: 0 - 0.1 115 95 45 23 2 15.58 0.000** 
R: 0  
G: 125  
B: 0 0 116 93 46 12 2 41.80 < 0.00001** 
R: 0  
G: 142  
B: 0 0.1 117 85 46 23 2 7.36 0.025* 
R: 0  
G: 159  
B: 0 0.2 118 79 46 19 2 8.95 0.011* 
R: 0  
G: 179  
B: 0 0.3 114 81 45 22 2 6.77 0.034* 
TOTAL  812 591 319 142 2 78.09 < 0.00001** 
  
Trichromat
% Correct 72.78 
Dichromat
% Correct 44.51    
 
 
Table 8: Performance of trichromats and dichromats in discriminating red from seven different 
green intensities in log10 intensities based on number of correct choice (choosing red target 
square); * is significant at p < 0.05. ** is significant at P < 0.001. Trichromat percent correct is 
72.78% and dichromat percent correct is 44.51%.There is overall a statistical significance 
difference between trichromats and dichromats in discriminating red from green (G2 = 78.10, p = 
0.00001**, p < 0.001). 
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 Trichromats Dichromats 
Intensity Log10 
(W/m
2 
ster) 
Carme  
(%) 
Halley  
(%) 
Kizzy  
(%) 
Ravo  
(%) 
Rees  
(%) 
- 0.3 68.18 72.73 65.57 64.18 56.86 
- 0.2 75.56 90.00 51.61 64.18 69.39 
- 0.1 63.64 81.82 60.66 74.24 60.78 
0 71.11 100.00 53.23 69.23 70.59 
0.1 64.44 75.00 48.39 69.70 49.02 
0.2 75.00 81.82 63.93 64.62 62.00 
0.3 75.00 90.00 56.45 55.22 72.55 
 
Table 9: Percent of correctly choosing red from different gray intensities by individuals 
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 Trichromats Dichromats 
Intensity Log10 
(W/m
2 
ster) 
Carme  
(%) 
Halley  
(%) 
Kizzy  
(%) 
Ravo  
(%) 
Rees  
(%) 
- 0.3 70.59 75.00 68.18 52.00 52.38 
- 0.2 67.65 65.00 54.55 50.00 33.33 
- 0.1 82.35 88.14 68.18 41.67 61.90 
0 68.57 88.14 77.27 40.00 9.52 
0.1 74.29 80.00 50.00 40.00 61.90 
0.2 60.00 78.69 45.45 32.00 52.38 
0.3 67.65 82.76 45.45 50.00 47.62 
 
Table 10: Percent of correctly choosing red from different green intensities by individuals 
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Intensity 
Log10  
(W/m
2 
ster) 
Trichromats  
(%) 
Trichromats 
ABS (%) 
Trichromats 
SD (%) 
Dichromats  
(%) 
Dichromats 
ABS (%) 
 
Dichromats 
SD (%) 
- 0.3 68.83 68.83 3.62 60.52 60.52 5.18 
- 0.2 72.39 72.39 19.39 66.78 66.78 3.68 
- 0.1 68.70 68.70 11.45 67.51 67.51 9.52 
0 74.78 74.78 23.6 69.91 69.91 0.96 
0.1 62.61 62.61 13.4 59.36 59.36 14.62 
0.2 73.58 73.58 9.03 63.31 63.31 1.85 
0.3 73.82 73.82 16.81 63.89 63.89 12.25 
 
Table 11: Percent choosing red from different gray intensities by phenotypes, as well as their 
absolute values (ABS) and standard deviation (SD). 
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Intensity 
Log10  
(W/m
2 
ster) 
Trichromats  
(%) 
Trichromats 
ABS (%) 
Trichromats 
SD (%) 
Dichromats  
(%) 
Dichromats 
ABS (%) 
 
Dichromats 
SD (%) 
- 0.3 71.26 71.26 3.46 52.19 52.19 0.27 
- 0.2 62.40 62.40 6.93 41.67 58.33 11.79 
- 0.1 79.56 79.56 10.27 51.79 51.79 14.3 
0 77.99 77.99 9.81 24.76 75.24 21.56 
0.1 68.10 68.10 15.93 50.95 50.95 15.49 
0.2 61.38 61.38 16.66 42.19 57.81 14.41 
0.3 65.29 65.29 18.77 48.81 51.19 1.68 
 
Table 12: Percent choosing red from different green intensities by phenotypes, as well as their 
absolute values (ABS) and standard deviation (SD). 
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Figure 1: How the world is perceived through individuals with (A) trichromacy, (B) protanopia, 
(C) deuteranopia, and (D) tritanopia. Illustration was made from Coblis - Color Blindness 
Simulator http://www.color-blindness.com/coblis-color-blindness-simulator. 
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Figure 2: Mechanism of polymorphic trichromacy in ruffed lemurs (Varecia spp.). Because 
males only have one X-chromosome, they are always dichromats. Females, on the other hand, 
might inherit heterozygote opsin genes because they have two X-chromosomes, making them 
trichromats.  
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Figure 3: The absorption curves and peaks of the S, L, and M opsins (as well as Rhodopsin) in 
humans as well as its corresponding wavelengths (nm). Illustration from Bowmaker & Dartnall 
(1980). 
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Figure 4: Target (red) squares changes in shapes during training until it is the same size as the 
testing target square. During initial training, the whole screen is red. Slowly, the target key gets 
smaller until it is the size of the testing target key. 
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Figure 5: Illustration of Subject-Mediated Automatic Remote Testing Apparatus (SMARTA). 
The phone application is used as a remote. It talks to the tablet application via Bluetooth to show 
the two squares. Depending on what the lemur does, such as touch the red square (a correct 
choice), the tablet application tells the conveyer belt to move one unit so that it dispenses a food 
reward. Simultaneously, the tablet application sends the data back to the phone application via 
Bluetooth. The phone application then logs the data online automatically into a spreadsheet on 
Google Sheets. 
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Figure 6: Subject (Carme) using SMARTA during training. Lemurs are housed in social groups 
(between 2 to 4 individuals) in indoor and outdoor enclosures. Training and testing were done 
only in indoor enclosures. 
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Figure 7: During testing, target (red) square can appear on the left or right randomly, and is 
paired with a second stimulus. In Testing Phase 1, red and gray squares. Photo from David 
Haring. 
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Figure 8: During testing, target (red) square can appear on the left or right randomly, and is 
paired with a second stimulus. In Testing Phase 2, red and green squares appear. Photo from 
David Haring. 
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Figure 9: Percentage of correct choice discriminating red from gray based on individuals. 
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Figure 10: Percentage of correctly discriminating red from gray for lemur individuals based on 
log10 gray intensities. 
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Figure 11: Mean percent of correct choice discriminating red from seven gray intensities based 
on phenotypes and different log10 gray intensities. Error bars were tabulated from standard 
deviation (SD) from Table 11. 
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Figure 12: Absolute mean percent of choice discriminating red from seven gray intensities based 
on phenotypes and different log10 gray intensities. 
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Figure 13: Percentage correct choices for trichromats and dichromats when discriminating 
overall red/gray pair stimuli and red/green pair stimuli. For red/gray discrimination, (G2 = 0, p = 
1, p > 0.05) while red/green discrimination (G2 = 78.10, p = 0.00001). 
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Figure 14: Percentage of correct choice discriminating red from green based on individuals. 
 
 
  
 Vagell 90 
Figure 15:  Percentage of correctly discriminating red from green for lemur individuals based on 
log10 green intensities. 
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Figure 16: Mean percent of correct choice discriminating red from seven green intensities based 
on phenotypes and different log10 green intensities. Error bars were tabulated from standard 
deviation (SD) from Table 12. 
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Figure 17: Absolute mean percent of choice discriminating red from seven gray intensities based 
on phenotypes and different log10 green intensities. 
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Figure 18: Percent correct for each lemur when participating in Phase 1 (red vs. gray) by day of 
testing. Some lemurs completed their testing sessions in less days than others.  
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Figure 19: Percent correct for each lemur when participating in Phase 2 (red vs. green) by day of 
testing. Some lemurs completed their testing sessions in less days than others.  
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Figure 20: Normalized high resolution melting curves (A) and derivative melting curves (B) for 
exon 5 of the M/L opsin gene for Varecia spp. Each color represents an individual. 
 
